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Abstract   
The influence of thermophoresis and viscous dissipation on the unsteady boundary layer flow of an incompressible, viscous 
electrically conducting fluid over a sheet that stretches exponentially in the presence of temperature dependent heat source 
with chemical reaction is analysed. It is observed that the suction, magnetic field parameter, wall slip parameter, 
thermophoresis decelerate the velocity while an opposite trend is noted with blowing. Eckert number and heat source 
parameter enhance the rate of heat transfer. The thermophoresis has a reducing influence on the species concentration. 
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1. Introduction  
 Boundary layer flow on continuous moving surfaces finds applications in a number of engineering processes.   
Extrusion of plastic or rubber sheets, moving of a thread between a feed roll and a wind-up roll follow the analysis 
of continuous moving surfaces are some examples. Sakiadis [1] made the pioneer study of the on the flow over a 
stretching surface. Subsequently several researchers investigated the flow past stretching surface under different 
situations. However, these investigations are restricted to a continuous surface moving with constant velocity which 
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is not suffice to analyze the continuous extrusion of polymer sheets. As the polymer is a flexible material, the 
stretching of the surface may not necessarily be linear and therefore the surface velocity is expected to be non-
uniform. 
The first investigation on the free convection flow, heat and mass transfer of an incompressible fluid from an 
exponentially stretching vertical surface is due to Magyari and Keller [2]. They obtained similarity solutions 
pertaining to an exponential stretching and exponential temperature of the continuous surface.  Goldsmith and May 
[3] initiated the study of thermophoretic transport considering one-dimensional flow to estimate the thermophoretic 
velocity.  
In this paper we made an attempt to analyse influence of thermophoresis, viscous dissipation and temperature 
dependent heat source on the unsteady boundary layer flow of a viscous fluid over an exponentially stretching sheet 
with chemical reaction.  
2. Mathematical Formulation 
 Consider an unsteady two dimensional mixed convection boundary layer flow of an incompressible viscous fluid 
along a permeable stretching surface. The x-axis is chosen along the sheet and y-axis normal to it. The flow is 
generated as a consequence of exponential stretching of the sheet, caused by simultaneous application of equal and 
opposite forces along x-axis keeping the origin fixed. A uniform magnetic field of strength B is applied normally to 
the stretching surface which produces magnetic effect in the x-axis. The induced magnetic field is negligible by 
considering the magnetic Reynolds number as small. The suction ୵ is normal to the sheet. The stretching surface is 
assumed to have the velocity ୵ሺǡ ሻ ൌ ଴ ሺͳ െ ĮሻΤ ୶ ୐Τ ,  ୵ሺǡ ሻ ൌ  ൅ ଴ ሺͳ െ ĮሻଶΤ ୶ ଶ୐Τ is the temperature 
distribution  and  concentration distribution ୵ሺǡ ሻ ൌ  ൅ ଴ ሺͳ െ ĮሻଶΤ ୶ ଶ୐Τ  where ଴ is the reference velocity, 
Į is a positive constant with dimension reciprocal time, L is the reference length, t is the time,   is the fluid 
temperature far away from the stretching surface , ଴ is the fluid temperature adjacent to the stretching surface, 
is the fluid concentration far away from the stretching surface and ଴ is the fluid concentration adjacent to the 
stretching surface. The continuity, momentum, energy and concentration equations governing such type of flow inv-
oking the Boussinesq’s approximation can be written as:
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The boundary conditions are 
u =୵ ൅ Ȟ ப୳ப୷, v = െ୵(x, t), w = 0, T = ୵(x, t), C =୵(x, t) at y = 0, 
u՜0, w՜0, T՜ , C՜  as y՜                                                                                                                    (5) 
where u, v are the fluid velocity components along x and y axes respectively,  Ȟ is the kinematic viscosity, g is the 
gravity field , ȕ୘  is the volumetric coefficient of thermal expansion, ȕେ  is the coefficient of expansion with 
concentration, ȡ is the density of the fluid, T is the fluid temperature, C is the fluid concentration, ı is the electrical 
conductivity, ୮ is the specific heat at constant pressure, K is the thermal conductivity of the medium, ୰ is the 
radiation heat flux, ଴is the uniform volumetric heat generation and absorption, D is the mass diffusivity, k is the 
chemical reaction,  ൌ ଵ ୶ ଶ୐ΤΤ   is the velocity slip factor, which changes with x (at N=0, the no-slip case is 
observed), ଵ  is the initial value of the velocity slip factor,  ୵ሺǡ ሻ ൌ ୵ሺ଴Ȟ ʹሺͳ െ ĮሻΤ ሻଵ ଶΤ ୶ ଶ୐Τ    is the 
velocity of suction ሺ୵ ൐ Ͳሻ , ୵ ൒ Ͳ  is the suction parameter and ୘  is the thermophoresis velocity, ୘ ൌሺȞ ୰ୣ୤Τ ሻ μ μΤ . Where ୰ୣ୤  is some reference temperature, the value of  Ȟ  represents the thermophoretic 
diffusivity. We introduce the stream function ȥሺǡ ሻ such that ൌ  பȥப୷ and ൌ െ
பȥ
ப୶.   
The governing partial differential equations (2), (3) and (4) can be reduced to a set of ordinary differential equations 
on introducing the following similarity variables: 
Ș ൌඥ଴ ʹȞሺͳ െ ĮሻΤ ୶ ଶ୐Τ ,  ൌ଴ ʹሺͳ െ ĮሻΤ ୶ ୐Τ ሺȘሻ, ȥሺǡ ሻඥʹ଴Ȟ ሺͳ െ ĮሻΤ ୶ ଶ୐Τ ሺȘሻ,  
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 ൌ  ൅଴ ሺͳ െ ĮሻଶΤ ୶ ଶ୐Τ șሺȘሻ,   ൌ  ൅ ଴ ሺͳ െ ĮሻଶΤ ୶ ଶ୐Τ ࢥሺȘሻ,ଶ ൌ ଴ଶሺͳ െ ሻିଵ                                 (6)              
 where ଴ is the magnetic field flux density. 
           Using (6) in equations (2), (3) and (4) we obtain the following set of ordinary differential equations: 
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The corresponding boundary conditions are  
Ș ൌ Ͳ :     ൌ  ୵ǡ  ƍ ൌ ͳ ൅ Ȝ ƍƍǡ ș ൌ ͳǡ ࢥ ൌ ͳ,                                                                                                        (10) 
Ș ՜  :   ƍ ՜ Ͳǡș ՜ Ͳǡ ࢥ ՜ Ͳ,                                                                                                                                (11)          
where the primes denote the differentiation with respect to Ș,  ൌ  Τ  is the dimensionless coordinate, 
ܣ ൌ Į ଴Τ   is the unsteadiness parameter,  ൌ ı଴ଶ ଴ȡΤ  is the magnetic parameter, 
 ൌ ȕ୘଴ ଴ଶΤ  is the 
thermal Grashof number, 
 ൌ ȕୡ଴ ଴ଶΤ  is the solutal Grashof number,  ൌ ȡ୮Ȟ Τ  is the Prandtl number, 
 ൌ ଴ଶ ୮଴ൗ   is the Eckert number,  ൌ Ȟ Τ  is the Schmidt number, Ĳ ൌ െሺ୵ െ ሻ ୰ୣ୤Τ   is the 
thermophoretic parameter, Ȗ ൌ ʹ ୵Τ  is the chemical reaction parameter, Ȝ ൌ ଵඥ଴Ȟሺͳ െ Įሻ ʹΤ   is the 
velocity slip parameter and į ൌʹ଴ ୵ȡ୮Τ   is the heat source parameter. 
The physical quantities of engineering interest in this problem are the skin friction coefficient୤ , local Nusselt 
number ୶   and the local Sherwood number ୶ indicating physically the wall shear stress, the rate of heat 
transfer and the local surface mass flux respectively.  
  Accordingly the dimensionless local wall shear stress, local surface heat flux and the local surface mass 
flux for an impulsively started plate are respectively obtained as: 
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where ȝ ൌ  ȡ୮Τ  is the dynamic viscosity of the fluid and ୶ ൌ ୵ ȞΤ  is Reynolds number. 
3. Results and Discussion 
To understand the effects of thermophoresis and chemical reaction on the flow variables numerical solutions of the 
governing similarity equations of the flow are obtained using Runge-Kutta fourth order method together with the 
shooting technique. The accuracy of the numerical scheme is assessed by comparing the present results with those of 
Elbashbeshy et al. [4] in the absence of concentration in the unsteady case and for the corresponding steady case 
with those of Ishak [5] and with Elbashbeshy [6], Bidin et al. [7] in the absence of thermal and solutal buoyancy, 
heat generation/absorption and suction for a steady flow. The compared values of Ȃ șƍሺͲሻ are presented in Table 1 
which are found to be in good agreement with the said published results. 
Table 1.  Comparison values of  െɅᇱሺͲሻ for X = A = M =Gr = Gc = Ec = ɉ =Ɂ = fw=Ԅ= 0. 
Pr 
Elbashbehy 
(2001) 
Bidin and Nazar 
(2009) 
Ishak 
(2011) 
Elbashbehy et al. 
(2012) 
Present 
Results 
0.72 
1 
2 
3 
5 
10 
0.76778 
0.95478 
1.86907 
3.66037 
0.9548 
1.8691 
0.9548 
1.4715 
1.8691 
2.5001 
3.6604 
0.76728 
0.95478 
1.47146 
1.86907 
2.50013 
3.66037 
0.76728 
0.95478 
1.47145 
1.86905 
2.50012 
3.66036 
Fig. 1 depicts that the effect of magnetic field on velocity is to decrease throughout the boundary layer region. 
The deceleration in the velocity can be attributed to the retarding action of the Lorentz force which arises due to the 
application of magnetic field and consequently the thickness of the momentum boundary layer decreases.  From Fig. 
2 it is noted that the velocity reduces throughout the boundary layer with increase in the unsteadiness parameter and 
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the thickness of the corresponding hydrodynamic boundary layers are thinner.  Fig. 3 and Fig. 4 illustrate the effect 
of thermal and solutal buoyancy forces on the velocity in the presence of suction/injection.  The velocity is observed 
to be an increasing function of thermal and solutal Grashof numbers.   
From Fig. 5 the temperature is found to be an increasing function of Eckert number.  In fact for  ൒ ͳͷ the 
temperature over shoots near the boundary and attains a maximum value and then descends asymptotically in the 
rest of the region. Hence, the Eckert number expands the thermal boundary layers. The enhancement in the 
temperature can be attributed to the fact that more energy is stored with an increase in Ec. Fig. 6  illustrates that the 
temperature is enhanced in the presence of heat source. The heat source releases energy in the thermal boundary 
layer resulting in the rise of temperature. On increasing Ɂሺ൐ Ͳሻ the temperature further rises. When  Ɂ ൏ Ͳ (heat 
sink) the temperature falls owing to the absorption of energy in the thermal boundary layer.  
In Fig.7 the velocity is plotted showing the influence of suction/injection ୵. It is observed that velocity decreases 
with increasing suction parameter and the injection (blowing) accelerates the flow as expected. The wall 
suctionሺ୵ ൐ Ͳ) results in thinner boundary layers with a fall in the velocity. For blowing ሺ୵ ൏ Ͳሻ an opposite 
trend is noticed. ୵ ൌ Ͳ corresponds to the impermeable stretching surface.  
It is observed that the presence of velocity slip decreases the velocity (Fig. 8).  Increasing values of velocity slip 
results in further reduction of the velocity i.e. the fluid velocity is reduced for higher values of velocity slip with 
small flow entry into the fluid.  
 From Fig. 9 it is evident that the concentration decreases as the thermophoresis parameter ɒ increases owing to 
the smaller temperature differences between the wall temperature and the free stream. 
 In Fig. 10 the influence of Schmidt number on mass concentration is illustrated. The species concentration is 
observed to reduce with increasing values of Sc throughout the region which is associated with thinner solutal 
boundary layers. Physically, the increase of Sc implies decrease of molecular diffusion D. Thus the mass diffusion 
leads to an enhancement in the species concentration.  
The effect of chemical reaction on concentration is plotted in Fig. 11. It is found that species concentration with 
its highest value at the plate decreases slowly till it reaches the minimum value i.e., zero at far downstream. Further, 
increasing values of the chemical reaction parameter decrease concentration of species in the boundary layer due to 
the fact that destructive chemical reduces the thickness of the solutal boundary layer and increases the mass transfer. 
From Fig. 12 it is found that the rate of heat transport increases with increasing values of Eckert number.  
  
                     Fig. 1. Velocity profiles for different values of M                                   Fig. 2. Velocity profiles for different values of A 
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                    Fig. 3. Velocity profiles for different values of Gr                                     Fig. 4. Velocity profiles for different values of Gc 
                Fig. 5. Temperature profiles for different values of Ec                              Fig. 6. Temperature profiles for different values of  ߜ
                     Fig. 7. Velocity profiles for different values of  M                                Fig. 8. Velocity profiles for different values of  ߣ
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               Fig. 9. Concentration profiles for different values of  ߬                           Fig. 10. Concentration profiles for different values of Sc 
               Fig. 11. Concentration profiles for different values of   ߛ            Fig. 12. Variation of Nusselt number with M for different values of Ec          
4.  Conclusions 
The following conclusions are drawn: 
 It is observed that the velocity decreases with suction, magnetic field parameter, wall slip parameter, Prandtl 
number, thermophoresis and Schmidt number while an opposite trend is noted with blowing, Eckert number 
and heat source parameter. 
 The temperature and concentration distributions increase with increasing magnetic field parameter, velocity 
slip parameter. 
 The thickness of the thermal boundary layer increases with increasing values of heat generation and blowing 
while a reduction is noticed with suction parameter and heat absorption parameter. 
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